A profound knowledge of the dynamics of a thin liquid film and bubble behavior in flow boiling is crucial in a thorough study of the physical mechanisms of boiling crisis, which is important to the performance and safety of light water reactors. To address this, in the present study a series of tests were carried out at various water and air flow rates under atmospheric pressure and different heat fluxes in a horizontal copper channel. We employed a developed confocal optical sensor system to detect the variations and integrity of the thin liquid film. Additionally, we used a high-speed camera to capture the bubble behavior in detail and analyzed the effect of the film thickness on bubble behavior. According to our observations, the thinning process of the liquid film is governed by the entrainment under adiabatic or lower heat flux conditions, whereas evaporation becomes more pronounced in a higher heat flux system. The critical film thickness of an integral film is found to be related to the condition of the heating surface and the heat flux. Remarkably, the coalescence of bubbles seldom occurs in flow boiling with the thinner liquid film. The bubble departure diameter increases with an increase in the heat flux and liquid mass flow rate, but decreases with an increase in the gas flow rate. The minimum bubble departure diameter observed using high-speed photography was about 90 µm.
INTRODUCTION
Boiling heat transfer is encountered in many industrial devices (e.g., boilers, heat exchangers, boiling water reactors, etc.) where boiling is attractive because of its outstanding efficiency in nucleate boiling regimes. However, the performance of a boiling device is bound by the critical heat flux (CHF), which is thus an important parameter in system design and operation (Collier and Thome, 1994; Dhir, 1998) . In most cases, a liquid film is driven by a forced gas/vapor flow (Kabov et al., 2007) , and its integrity is desired to avoid performance deterioration and physical destruction of the devices. If liquid film rupture occurs during boiling heat transfer, for example, when the heat transfer coefficient may be considerably reduced, this would lead to dryout, which is a threat to the safety of the equipment.
Thus far, an extensive research has been carried out on the CHF mechanism (Tong and Hewitt, 1972; Galloway and Mudawar, 1993; Zhao et al., 2002; Dinh and Tu, 2007) . Dhir (1998) provided a comprehensive review of boiling heat transfer both in pool and flow boiling. It is believed that the behavior of the near-wall liquid layer plays a key role in the heat transfer and boiling crisis. To date, most of the published modeling and numerical studies on boiling heat transfer have concentrated on the near-wall liquid layers (i.e., micro-and macrolayers) with the thickness estimated to range from several to hundreds of micrometers in pool boiling (Rajvanshi et al., 1992; Kumada and Sakashita, 1995; Auracher and Marquardt, 2004; Bang et al., 2005; Buchholz et al., 2006; Ono and Sakashita, 2007) . Stephan and Kern (2004) phenomena. However, there is a dearth of experimental data on the direct measurement of such near-wall liquid layers. This is probably because measurement at the microscale level is challenging with traditional experimental setups (e.g., pool boiling with a heater block) and the chaotic nature of the boiling process impedes direct observation and measurement of thin liquid films, especially under high heat flux conditions. Remarkably, the scales-separation hypothesis indicates that high heat transfer in pool boiling is dominated by the micro-hydrodynamics of the near-wall liquid film while it is irrelevant in relation to the external-scale hydrodynamics (Theofanous et al., 2002a,b) . Although the scales-separation hypothesis was originally proposed for pool boiling, this concept can also be applied to flow boiling (Theofanous and Dinh, 2006) . Accordingly, it provides the rationale for the boiling experiment performed on thin liquid film in order to facilitate the diagnosis of the film dynamics (Dinh and Tu, 2007) . To take it one step further, Gong et al. (2010) developed an experimental method for diagnosing the liquid film dynamics and investigated the stability and rupture of evaporating liquid films on different heater surfaces. The data were then applied in the modeling and simulation of the liquid film dynamics (Gong et al., 2012) . The diagnostic system was also employed to investigate the bubble and liquid film dynamics under boiling conditions from low heat to high fluxes (Gong et al., 2013 (Gong et al., , 2014 (Gong et al., , 2015 . It is believed that the core physics for the boiling crisis is the production of an irreversible dry spot and its expansion (Chu et al., 2014; Gong et al., 2014) . Dry spots can be observed beneath some of the bubbles during their growth and are governed by many parameters and their interactions, such as the heat flux, bubble diameter, bubble lifetime, average liquid film thickness, and heater surface properties (Theofanous et al., 2002a,b; Dinh and Tu, 2007; Dhir et al., 2007; Gong et al., 2014) . The work of Gong et al. (2012) indicates that stubborn bubbles can be found in pool boiling if the bubbles' diameter is comparable to the water layer's thickness, such that the buoyancy force, which helps to lift the bubbles, is greatly decreased. The accumulated water around the contact line is called the dam of the bubble. After the bubble ruptures the dam falls down and induces inward spreading, which makes the contact line recede, and hence causes surface rewetting. If the liquid film thickness decreases to a certain level (say, 1.519 mm at a heat flux of 35 kW/m 2 ), the rewetting process ceases and a dry spot appears. Evaporation takes place near the contact line, and the dry spot does not expand, resulting in a so-called persistent dry spot.
Since previous studies were oriented to pool boiling, there is a clear need to advance the developed experimentation to flow boiling such that the research is applicable to boiling water reactors. In flow boiling, the liquid film is driven by the shear forces of the vapor flow in the main stream. The shear force not only affects the instability of the microlayer, but also forces the liquid in the microlayer to spread into the dry areas. The thickness of the liquid film decreases along the heated channel due to liquid evaporation and droplet entrainment. Note that dryout occurs when the liquid film vanishes, or when the thickness of the liquid film is reduced to the threshold value. Essentially, more experimental data and in-depth analyses are required to investigate film rupture and bubble behaviors, which are significant in the better understanding how dryout occurs. The present study focuses on the dynamics of a flowing thin liquid film and its bubble behavior. We developed an optical sensor system to detect a rapidly varying liquid film and to evaluate the factors and properties that govern the film dynamics and integrity. Additionally, we employed a high-speed camera to capture more details of the bubble behavior in order to determine the effect the film thickness has on bubble behavior, and therefore to provide a better understanding of the physical mechanisms of the boiling crisis.
EXPERIMENTAL SYSTEM AND METHOD

Experimental Apparatus
The experiments were performed in an air-water test facility available at Kungliga Tekniska Högskolan. A schematic diagram of the test facility is as shown in Fig. 1 , which is mainly composed of water and supply, heating, and test section and measurement systems. The original diagnostic system with confocal optical sensors (Gong et al., 2010) was developed to probe the liquid film thickness (δ) and its evolution in pool boiling, which was successfully employed to investigate the stability and rupture of a free liquid film under thermal influence (Gong et al., 2013) and the dynamics of a liquid film boiling on an open heater surface at both low and high heat fluxes (Gong, 2011) . Figure 2 shows the typical time trace of the film thickness obtained by the optical sensor. The measuring principle of the confocal optical sensor is shown in Fig. 3 , in which polychromatic white light is focused on the target surface by a multi-lens optical system. The lenses are arranged to disperse the white light into a monochromatic light through controlled chromatic deviation. A certain distance is set between each wavelength by factory calibration. Only the wavelength that is exactly focused on the target is used in the measurement. This light reflected from the target surface is passed via a confocal aperture to the receiver, which detects and processes the spectral changes (see the Micro-Epsilon Instruction Manual Gong et al., 2010) for optoNCDT2431, https://www.micro-epsilon.co.uk/download/manuals/man-optoNCDT-2431-en.pdf). Thus, by detecting the reflections from the upper and lower surfaces of the liquid film, the film thickness can be efficiently and accurately deduced. The detailed principle of the confocal optical sensor system is accessible in Gong et al. (2010) .
In the present study on flow boiling, the confocal optical sensor system has been improved to enable stable, precise positioning when measuring the dynamic thickness of the liquid film at different positions. The confocal optical sensor (IFS2431-3, MICRO-EPSILON MESSTECHNIK GmbH & Co. KG, Ortenburg, Germany), fixed on a linear guide system (Model DryLin, Igus, DryLin, igus GmbH, Cologne, Germany), is incorporated with a controller (optoNCDT2431) that is also connected to a special Xenon light source. A high-speed camera system is used to visualize the dynamics of the bubbles when boiling occurs. The high-speed camera (DRS Lightning RDT Plus, DRS, Virginia, USA) with a macro-zoom lens (Navitar ZOOM 7000 18-108 mm TV ZOOM, Navitar, New York, USA) used here can fully capture 512 × 512 resolution images at 5 kHz frames per second (fps), and a blazing 100 kHz fps can be achieved at reduced resolution. For high-speed photography and good image quality, a tungsten spotlight (DedoCool, Dedo Weigert Film GmbH, München, Germany) and a light-emitting diode spot light are applied to fully illuminate the visualized object. A copper block with six imbedded cartridge heaters (CIR-30224 230V 400W, OMEGA Engineering, INC., Norwalk, USA) is employed as the heat source attached to the downward surface of the metallic test sections, which can provide up to 4 MW/m 2 heat fluxes to the liquid. The power level of the cartridge heaters is regulated by a direct current power transformer, and the temperature profile of the copper block is monitored by K-type thermocouples. In order to eliminate condensation from the vapor on the upper surface, an alternating current heater power supply is applied to pre-heat the air flow before entering the test section.
The test section, which is covered by an optical glass, is a rectangular channel made of copper (length × internal width × internal height: 150 mm × 8 mm × 12 mm). The surface of the test channel has the properties of 1.068 Ra/µm for roughness and 42.7
• for advancing the contact angle. For the purpose of forming a stratified flow with minimum entrance effect, a water/air inlet section is carefully designed to make water and air flow into the test section in parallel. Figure 4 shows the distribution of the preliminary measurement points (4 × 5) on the target surface and the field of view of the high-speed camera for bubble capture. Note that the measurement points are located at least 80 mm away from the inlet of the channel, ensuring that the measurements correspond to the fully developed equilibrium stratified flow.
Experimental Procedure
Both adiabatic and heating experiments were carried out under atmospheric pressure. For the adiabatic tests, the water and air were supplied separately to the water/air inlet adaptor at room temperature to form a stratified flow. For the boiling tests, de-ionized water was first degassed for about 30 minutes and then cooled down to room temperature. Afterward, the water was circulated by the pump to the test section, and compressed air was also provided to the channel after being filtered and pre-heated. When the flow became stable at given liquid/air flow rates and heat flux,
FIG. 4: Distribution of measurement points
the confocal optical sensor and high-speed camera were alternately operated to capture both the varying liquid film and bubble dynamics. For each test run, the liquid film thickness was recorded at a sampling rate of 1000 Hz over a period of 60 seconds. Note that only the top view of the test channel was selected to record the bubble dynamics by the high-speed camera at a recording rate of 500 fps. In the present study, the gas velocity ranged from 0.31 to 5.02 m/s, the liquid mass flow rate ranged from 0.03 to 0.30 g/s and the heat flux ranged from 0 to 121.68 kW/m 2 .
Uncertainty Analysis and Data Reduction
The air flow rate was measured by a mass flow meter (Vögtlin-GSC-C5TS-BB1, Vgtlin Instruments GmbH, Aesch, Switzerland) with an uncertainty of 0.3%, the liquid mass flow rate was measured by a Coriolis mass flowmeter (YOKOGAWA RCCF31, Rota Yokogawa GmbH & Co. KG, Wehr, Germany) with an uncertainty of 0.5%, and the temperature was measured by K-type thermocouples with an accuracy of 1 K. In addition, a Fluidwell F120 (Fluidwell, Veghel, Netherlands) liquid flow rate controller was used to ensure the stability of the liquid flow rate. The sensor (IFS2431-3) selected in the present study has a maximum sampling rate of 30 kHz, measurement range of 3 mm, spatial resolution of 0.12 µm, and maximum tilt angle of ± 22
• . In the present study, a set of gauge blocks [Mitutoyo (Mitutoyo, Kanagawa, Japan), Class 0 with accuracy of ± 0.4 µm] was used to recalibrate the confocal optical sensor. As shown in Fig. 5 , the optical sensor is capable of measuring the thicknesses of the gauge blocks with a root-mean-square deviation of 9.5%. The advancing contact angle of the inner surface of the test section is simply obtained by analyzing the shape of the droplet formed on the surface based on the work of Gong (2011) . In order to reduce errors, five operations of droplet formation were performed to obtain an averaged value of its contact angle. Due to gas shearing and evaporation, the liquid film decreases along the flow direction. When the film thickness reaches its thinnest value an increase in a small amount of gas leads to liquid film ruptured and rewetting after a very short time, as seen in Fig. 6 where the minimum film thickness of an integrated film is defined as the critical film thickness. Note that the occurrence of the film rupture is random. When the film approached breakdown, five tests were repeated to obtain the averaged critical film thickness. Inevitably, during the heating process the generation of bubbles makes the liquid film unstable, such that the data are no longer constant. In particular, a bubble on or traveling through the measurement point may cause errors in the data. Figure 7 shows the transverse profile of a liquid film in the cross section of the channel (y-axis direction in Fig. 4) under different flow conditions. The results indicate that the film thickness decreases along the flow direction, and
RESULTS AND DISCUSSION
Evolution of Film Thickness
FIG. 5:
Calibration of the optical sensor the transverse profiles of the liquid film present a concave shape, which is approximately symmetrical. Accordingly, the thinnest part of an integrated liquid film is believed to appear near the outlet of the test channel around the central line. Thus, four measurement points (numbers 1-4 in Fig. 4) were selected in the subsequent study (Figs. 8-12) . Figure 8 presents the varying time-averaged film thicknesses along the flow direction for different gas velocities and at a constant liquid mass flow rate (e.g., M l = 0.052 g/s) under non-adiabatic conditions. Due to the entrainment, the liquid film linearly decreases along the flow direction and ruptures when the gas velocity increases to a certain value. However, the liquid mass flow rate shows quite a different effect on the evolution of the liquid film. As shown in Fig. 9 , the liquid film becomes thinner linearly with increasing gas velocity and ruptures after a short time when the liquid mass flow rate is low. By increasing the liquid mass flow rate, the liquid film thickness first decreases relatively fast with the increase in the gas velocities, and then the trend becomes slow after it reaches a certain value. It is also worthwhile to mention that the averaged film thickness of an integrity film linearly increases with an increase in the liquid mass flow rate. Additionally, the heat flux also affects the evolution of the film thickness, especially under higher heat flux conditions. Besides entrainment, the film thickness decreases along the flow direction due to evaporation. Despite the variations in film thickness, a similar tendency is seen between the lower heat flux and that without heating; a bigger slope appears at higher heat flux. Therefore, it can be inferred from Fig. 10 that the variation tendency of film thickness is governed by entrainment when the heat flux is low, but strong evaporation becomes a dominant effect when the heat flux is higher. Figure 11 shows typical comparisons of the measured time-averaged film thickness at the location of x = 100 mm under different liquid mass flow rates. When the mass flow rate is low, the generation of bubbles is restrained and evaporation significantly affects the thinning process of the liquid film. Therefore, there is an obvious gap between the heating and without heating values [ Fig. 11(a) ]. However, by increasing the liquid mass flow rate, the local film thickness increases, causing the promotion of bubble generation. Due to the generation and departure of bubbles, the liquid film becomes more unstable and the growth of the bubbles makes the liquid accumulate among the bubbles, which results in an increase in the local film thickness. Therefore, the gap between these two measured values (adiabatic and non-adiabatic) decreases, and finally the measured value in the heating condition is equal to, or even larger than, that of the value without heating. When the thickness of the liquid film decreases to a certain value the generation of bubbles ceases, and evaporation again dominates the thinning process [ Fig. 11(b) ].
By increasing the gas velocity to a certain value, the liquid film intermittently ruptures. According to our observation, the critical liquid film thickness remains almost the same for a specific surface, although the time-averaged film thickness grows with an increase in the gas and liquid mass flow rates, i.e., the critical thickness for an integral liquid film is dominated by the heat flux. The average critical film thickness is shown in Fig. 12 . The results indicate that the critical film thickness increases with increasing liquid mass flow rate and heat flux, but the effect of the liquid mass flow rate gradually decreases and the effect of the heat flux gradually increases. The results indicate that the number and size of the bubbles on the heating surface increase with an increase in the heat flux but decrease with an increase in the gas velocity. Obviously, unlike in a thick liquid film, the behavior of the bubble is significantly affected by the liquid film thickness and heat flux. When heat flux is low, the bubbles on the heater surface can be treated as isolated bubbles and the interaction of the bubbles can be ignored. Once a bubble departs from a nucleation site, it typically slides along the heating surface (judging from the shadow of the bubble) when the net forces in the flow direction acting on the bubble balance each other, and the bubble continues to grow until it becomes detached from the surface at some finite distance downstream. Figures 15 and 16 depict two conditions (lower and higher gas velocities) for bubble detachment under this circumstance. Under lower gas velocity, the bubble sticks to the heater surface for a relatively long period before departure. This is because the bubble diameter is comparable to the water layer thickness, such that the buoyancy force that helps to lift the bubble is greatly decreased. When the bubble touches the top of the liquid film, the bubble immediately collapses. Under higher gas velocity, the bubble departure diameter is much smaller than the film thickness and the buoyancy force acting on the bubble is not of negligible influence compared with the drag force. The bubble slides along the heating surface before detaching and flows a long distance downstream before breakup. By increasing the heat flux, more and more nucleation sites are produced at the same time. Gradually, the regime of isolated bubble growth and departure switches into the regime of mutual interaction bubble growth and collapse.
FIG. 17: Bubble collapse when the heat flux is high
In a thick liquid film, increasing the heat flux leads to an increase in the chance that bubble coalescence will form bigger bubbles. However, this coalescence seldom happens in a thin liquid film, although the indirect interaction of the bubbles plays an important role in bubble collapse, i.e., the dominant way in which bubbles break up is caused by the vibration of the liquid film. Figure 17 shows the sequential bubble collapse in a thin liquid film. The breakup of the bubble results in intense vibration of the liquid film, which triggers the collapse of adjacent bubbles. Figure 18 shows the bubble departure diameters (d D ) under different flow conditions and heat fluxes. Averaged data for five bubbles from the same cavity and experiment were considered. The bubble departure diameter shows a parabolic relation with the gas velocity under different mass flow rates and heat fluxes. By increasing the gas velocity, the film thickness decreases. This leads to the decrement of the bubble departure diameter, and minimum bubble departure diameter d D is found to be about 90 µm.
CONCLUSIONS
The present study was concerned with the micro-hydrodynamics of a liquid film under the shearing and thermal/boiling influences and the bubble behaviors within the liquid film. We developed a test rig to investigate the dynamics of a liquid film on the bottom of a horizontal, rectangular channel, which was driven by the gas flow from above and was heated from below. According to the results of our extensive experiments, the following main conclusions can be drawn:
FIG. 18:
Variations of the bubble departure diameter under different flow conditions 1. The profile of a liquid film is affected by the gas and liquid flow rate and heat flux. Due to acceleration, entrainment, and evaporation, the liquid film thickness decreases with an increase in the gas velocity (linearly or nonlinearly) and heat flux. The occurrence of liquid film rupture is random, and the critical thickness at the film rupture is affected by the heat flux as well as the flow and surface conditions: the critical film thickness increases with increasing heat flux and liquid flow rate, but weakly depends on the gas flow rate.
2. In the range of heat fluxes applied in the present study, the generation and departure of bubbles on the heating surface enhance the stability of the liquid film. In addition, the bubble behavior in the flowing liquid film seems different from that in pool boiling. The coalescence of bubbles seldom occurs in a liquid film. The bubble departure diameter increases with increasing heat flux and liquid mass flow rate, but decreases with an increase in the gas flow rate. The minimum bubble departure diameter observed using high-speed photography was about 90 µm.
